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Abstract

Neuroinflammatory disorders, such as multiple sclerosis (MS) or experimental
autoimmune encephalomyelitis (EAE), an established mouse model mimicking part of the
human pathology, are characterized by inflammatory infiltrates containing T helper 1

(Ty1) and Ty17 cells, which cause demyelination and neurodegeneration. Disease onset
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and perpetuation are mediated by peripherally generated autoreactiveT cells infiltrating
into the central nervous system, where they are re-stimulated by antigen-presenting cells.
Here, we show that newly designed peripherally active, potent and selective k-opioid
receptor (KOR) agonists comprising the ethylenediamine KOR pharmacophore in a
perhydroquinoxaline scaffold exhibit potent anti-inflammatory capacities in primary
antigen presenting cells as well as T cells. In the EAE model the secondary amine 12 and
the triazole 14 were able to ameliorate disease severity and to delay disease onset by
blocking effector T cell activation. Importantly, the beneficial effects were mediated via
signaling through KOR since off-target effects were excluded by using KOR deficient

mouse mutants.

Key words
KOR agonists; perhydroquinoxaline; selectivity; agonistic activity; structure-activity
relationships; docking; anti-inflammatory activity; Ty1 or Ty17 effector cells; experimental

autoimmune encephalomyelitis; KOR deficient mouse mitants

1. Introduction

Multiple sclerosis (MS) is one of the most common chronic, autoimmune, inflammatory
and demyelinating disorders of the central nervous system (CNS) affecting 2.5 million
people worldwide with a high incidence in young adults.!* MS is considered a T-cell-
mediated disease, where peripherally generated autoreactive T cells producing

interferone-y (IFN-y) or interleukin-17 (IL17) are supposed to infiltrate into the CNS and
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to be responsible for the initiation of the disease.? After entering the CNS, these T cells
are restimulated by antigen-presenting cells resulting in local expansion of pathogenic T
helper 1 (Ty1) and Tx17 cells, tissue damage to oligodendrocytes, and a subsequent
infiltration of bystander immune cells, controlling disease perpetuation.? In experimental
autoimmune encephalomyelitis (EAE), a mouse model mimicking part of the human MS
pathology, the lung has been identified as a niche, where pathogenic T cells are
stimulated, proliferate and acquire migratory properties to enter the CNS. Thus, peripheral
organs seem to contribute to the activation of CNS-reactive T cells and their transition
into a migratory state.# In MS as well as in EAE regulatory T cells (Treg) have been shown
to be involved in limiting the proliferation and infiltration of pathogenic Ty1 and Ty17 cells
into the CNS.®> However, a modified phenotype and an impaired suppressive activity of

Treg has been associated with disease progression.t-8

Since MS lesions can be detected in different parts of the brain, a big variety of symptoms
are observed in patients, such as sensory or motor disturbances, acute or chronic pain,

depression and optic neuritis.2?

Since the launch of the first drug against MS in 1993, several immunomodulatory
treatments were developed.'® Interferon-p-1b (IFN-B),"" glatiramer acetate (GLAT),"?
DNA intercalating drugs such as mitoxantrone,'? spingosine-1-phosphate (S1P) receptor
antagonists, such as fingolimod,'* and dimethyl fumarate!® finally induce anti-
inflammatory pathways via different mechanisms of action. Additionally, various
monoclonal antibodies, 817 including natalizumab and ocrelizumab, are able to inhibit the

infiltration of immune cells into the CNS. All these drugs have been shown to reduce the
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relapse rate and to improve the disability in relapsing-remitting MS.'® However, they are
not able to stop disease perpetuation.?2 In addition, all drugs currently used for MS
treatment can have adverse effects ranging from mild, such as flu-like symptoms or
irritations at the injection site, to serious, like progressive multifocal leukoencephalopathy
(PML), a viral disease of the CNS.'® For this reason, novel drugs addressing new

mechanisms of action are urgently needed.

Recent studies suggested the endogenous opioid system to play a special role in the
pathogenesis of MS inflammatory neurodegeneration.29-22 The effects of this system are
predominantly mediated by three G-protein-coupled receptors, called py- (MOR), 6- (DOR)
and k-opioid receptor (KOR).22 They are present in the CNS but also in peripheral tissues
and cells, such as skin, intestine and immune cells, including T cells and antigen
presenting cells.?32* The opioid system is commonly associated with pain transmission

and with different psychiatric disorders, such as depression, anxiety and addiction.23:25

During the last years, KOR acquired increasing attention in research and emerged as an
alternative target for the development of safer analgesics.?62” In particular, KOR
activation results in strong analgesia, but does not lead to typical MOR-mediated side
effects, such as euphoria, respiratory depression and dependelnce.?627 In 2009, the
selective KOR agonist nalfurafine was approved in Japan for the treatment of uremic
pruritus.?® Clinical studies showed that KOR partial agonists or antagonists, such as
buprenorphine and CERC-501, are promising drugs for the treatment of major depression
and abuse disorders.252729 A few recent studies suggest a potential role of KOR in

inflammatory neurodegeneration. Screening of mMRNA in Theiler's murine
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encephalomyelitis, a virus model mimicking part of the MS pathology showed a
decreased level of KOR mRNA.2! Additionally, KOR has the ability to down-regulate the
proliferation, activation and secretion of cytokines in immune cells pointing to its
antiinflammatory activity.3® Furthermore, very recent data in EAE showed the ability of
activated KOR to prevent neuronal damage and to promote remyelination. Moreover,
ligation of KOR by a selective agonist seems to be involved in the differentiation of
oligodendrocyte progenitor cells (OPC) towards myelinated oligodendrocytes.?° Due to
their ability to regulate cytokine production and immune cell activation, KOR agonists may
represent a novel promising approach for the treatment of neuroinflammatory or

neurodegenerative disorders such as MS or EAE.20
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Figure 1: KOR agonists (4aR,5S,8aS)-1a,b with cis-configuration of the annulated ring

system and frans-orientation of the pyrrolidine ring.

Recently, we have reported that perhydroquinoxalines (4aR,5S,8aS)-1a,b (Figure 1)
represent potent and selective KOR agonists (Ki(1a) = 0.25 nM, ECs, = 2.0 nM, (Ki(1b) =

0.70 nM). The cis-configuration of the annulated rings and the relative trans-orientation
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of the pyrrolidine ring are crucial for high KOR affinity and agonistic activity.3!32 In the
arachidonic acid-induced ear inflammation model, enantiomerically pure quinoxaline
(4aR,5S,8aS)-1a and some analogous KOR agonists showed anti-inflammatory activity

comparable to those of indomethacin or hydrocortisone.33

With the aim to contribute to potential further clinical development towards novel MS
therapeutics, a further improvement of quinoxaline-based KOR agonists of type 1 was
envisaged. In particular, the polarity of the ligands should be increased by introduction of
a second basic amino moiety (4-position) or a polar triazole ring within the substituent in
4-position. Moreover, the interaction with KOR, the anti-inflammatory effect on primary
mouse and human immune cells as well as the in vivo efficacy of the new KOR agonists

in EAE were investigated.

2. Result and discussion

2.1. Synthesis

In order to get fast access to perhydroquinoxaline derivatives with various substituents in
1-position (Figure 1) the strategy of late-stage diversification was pursued. For this
purpose the secondary amine 12 was selected as building block, which allows the

introduction of diverse substituents in 1-position. (Scheme 1)

ACS Paragon Plus Environment

Page 6 of 57



Page 7 of 57

oNOYTULT D WN =

Journal of Medicinal Chemistry

7

IO
(@)
_|
w
O
3
w

EI) £+i) o I)—»ﬁ::f) o

5
0
O/
. OTBDPS y OTBDPS H OH $=0
’, 2 N/, ~ Nh A N/ X
(O e (O (O 2 (O
N \ ) \
Boc Boc Boc
6 7 8 9
Cl Cl
Cl cl
H N ON ON
(h) [N'© () Y () f
S (o ~ G
I|300 '}l H
Boc
10 1 12

Scheme 1: Synthesis of central building block 12.

Reagents and conditions: (a) m-CPBA, CH.Cl,, rt, 22 h, 89 %; (b) 1: acetic anhydride,
120 °C, 5 h; 2: agq. NaOH 4 M, CH30H, rt, 12 h, 71 %; (c) TBDPSCI, imidazole, 4-DMAP,
CH,Cl,, rt, 16 h, 98 %; (d) H, (5 bar), PtO,, CH30H, AcOH, rt, 5 h, 88 %; (e) Boc,0,
CH,Cl,, rt, 18 h, 87 %; (f) TBAF, THF, rt, 4 h, 73 %; (g) 1: SOClI,, imidazole, CH,Cl,, -78
°C, 17 h; 2: NalO,4, RuCl;.H,0O, CH3CN/EtOAc 6:1, 0 °C, 12 h, 88 %; (h) pyrrolidine,
CH3CN, 80 °C, 16 h, 72 %; (i) 2-(3,4-dichlorophenyl)acetyl chloride, CH.Cl,, 0 °C, 2-5 h,
84 %; (j) CF3CO2H, CHyCly, rt, 16 h, 98 %.

Only one enantiomer of the racemic mixtures is shown.

In order to obtain higher yields and adapt the conditions to our research laboratory, the

originally reported industrial synthesis of compounds 13233 was modified. In Scheme 1
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the modified synthesis starting with tetrahydroquinoxaline (2) is displayed. At first, the N-
oxide 3 was prepared by oxidation of quinoxaline 2 with m-CPBA. The subsequent
Boekelheide rearrangement3* of N-oxide 3 was performed with Ac,O instead of
trifluoroacetic anhydride which gave higher yields of benzylic alcohol 4 after hydrolysis
with NaOH and methanol. The hydroxy moiety of 4 was then protected by a silyl group.
Instead of the tert-butyldimethylsilyl protective group3?® the tert-butyldiphenylsilyl
(TBDPS)3® protective group was chosen for four main reasons: (1) the very large
TBDPSO group should direct the hydrogenation from the opposite site leading to cis,cis-
configured perhydroquinoxaline 6 with high diastereoselectivity; (2) the large TBDPSO
group should shield the adjacent NH-group of product 6 in order to achieve high
regioselectivity during the Boc-protection; (3) the TBDPSO-group should be stable under
the harsh conditions during hydrogenation, which requires a pressure of 5 bar H, and the
addition of HOAc to the methanolic solution; (4) The UV-absorption of the phenyl rings

allows an easy detection of educts and products by TLC and HPLC.

As expected, hydrogenation (H,, 5 bar, PtO,, CH3;0H, HOAc) of the TBDPS-protected
tetrahydroquinoxalinol 5 led exclusively to the cis,cis-configured perhydroquinoxaline 6 in
88 % yield. This transformation represents the key step of the overall diastereoselective
synthesis, since only one diastereomer (cis,cis) of four theoretically possible

diastereomers was formed by the backside attack of H, at the aromatic pyrazine ring.

Next, perhydroquinoxaline 6 was reacted with (Boc),O to afford the mono-Boc-protected
quinoxaline 7. The large TBDPSO group inhibits the acylation of the NH moiety in 4-

position resulting in exclusive formation of 7. After having fulfilled its task, the TBDPS-

ACS Paragon Plus Environment

Page 8 of 57



Page 9 of 57

oNOYTULT D WN =

Journal of Medicinal Chemistry

9

protective group of 7 was removed with tetrabutylamonium fluoride (TBAF) to provide the

B-amino alcohol 8.

According to literature, B-amino alcohol 8 was converted into the cyclic sulfuric acid ester
amide 9 using SO.Cl,. In our hands a two-step procedure3® involving the reaction of -
amino alcohol 8 with SOCI, and subsequent oxidation with NalO, and RuCl; gave higher
yields (88 %) of the desired 1,2,3-oxathiazolidine 9. It has to be noted that the NMR
spectra of the intermediate after reaction of 8 with SOCI; is rather complex, since the S-
atom represents an additional center of chirality. After oxidation, clear signals in the NMR
spectra confirm the structure of the cyclic sulfuric acid derivative 9. The cyclic sulfuric acid
derivative fulfills two tasks. First of all, it protects the secondary amino moiety in 4-
position. Secondly, it transformed the OH moiety in 5-position into a good leaving group

suitable for SN2 substitution.

The nucleophilic substitution of 9 with pyrrolidine was the second key step in the synthetic
route. The transformation proceeded as pure Sy2 reaction with inversion of configuration
at C-5 affording the desired cis,trans configuration in quinoxaline 10.33 After acylation of
the free secondary amine 10 with 2-(3,4-dichlorophenyl)acetyl chloride (11), the Boc
protective group was cleaved off using trifluoroacetic acid in order to isolate the secondary

amine 12 as promising building block in 98 % vyield.

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

10
Cl Cl
Cl Cl
§0 S
b
(@ or (b) ~ (5 ©, o (5
4”‘\ '}l‘
() Co,C
12 2CH3
rac-1
¢(C)
cl cl ¢

Cl
ol Cl
ON O

N N N
R _ I/go (§O
// Cl F/\/O
13a-g 13h 15 16
(d) ¢ (h)
13| R cl

CHs o Cl Cl Cl

CH,CHs Cl @)
CH,CH,CHj ON
CH,CH,CH,CHs ()

CH,CH,F N¥ ON () N,,
CH2CH20H2CH2F N, e [ o

Q0 Q 0T 9

4-F-benzyl

N‘ N 0

Nl: r I/§O N N/
£ N N3 N
N .

14 17 18

Scheme 2: Late stage diversification of building block secondary amine 12.
Reagents and conditions: (a) RCH=0, NaBH3;CN, CH3CO,H, CH30H, rt, 16 h, 54 % (13a),
69 % (13b), 66 % (13c), 85 % (13d), 42 % (13g). (b) RCH=0, NaBH(OAc);, CH,CI,, 0
°C, 17 h, 65 % (13e), 51 % (13f); (c) propargyl bromide, Cs,CO3, DMF, 40 °C, 16 h, 92
%:; (d) 2-fluoroethyl azide, CuSQOy, sodium ascorbate, DMF/H,0, rt, 4 h, 35 %; (e) methyl

chloroformate, pyridine, CH,CI,, 0 °C, 1 h, 98 %; (f) 2-chloroacetyl chloride, EtzN, CH,Cl,,
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0 °C, 5 h, 73 %; (g) 2-fluoroethanol, NaH, THF, 0 °C, 40 h, 39 %; (h) NaN3, DMF, rt, 20
h, 91 %; (i) 5-fluoropent-1-yne, CuSQO,, sodium ascorbate, DMF/H,0, rt, 3 h, 17 %.

Only one enantiomer of the racemic mixtures is shown.

Scheme 2 shows the formation of diverse test compounds using the common building
block 12. Quinoxaline derivatives 13a-g bearing various alkyl side chains in 4-position
were obtained by reductive alkylation of secondary amine 12 with various aldehydes and
NaBH3;CN or NaBH(OAc);. Since alkylation of 12 with fluoroalkyl halides failed to give
13e and 13f, fluoroacetaldehyde and 4-fluorobutyraldehyde were prepared in situ by
oxidation of the corresponding alcohols with Dess-Martin-Periodinane and the crude
aldehydes were directly used in the reductive alkylation reaction.3'.3” The fluorobenzyl
derivative 13g was synthesized to investigate the effect of a large and more lipophilic

fluorobenzyl moiety on the interaction with KOR.

The propargyl derivative 13h was obtained by alkylation of secondary amine 12 with
propargyl bromide. Cu*-catalyzed 1,3-dipolar cycloaddition383% of alkyne 13h with 2-
fluoroethyl azide provided the triazole derivative 14. The triazole moiety led to increased
size and polarity of the side chain. The increased polarity is of particular importance, since

we are interested in KOR agonists which are not able to pass the blood-brain-barrier.

Acylated quinoxalines 1 and 15 were obtained by acylation of secondary amine 12 with
methyl chloroformate and 2-chloroacetyl chloride, respectively. The racemic methyl
carbamate 1 was prepared for comparison of its KOR affinity and activity with those of

the newly synthesized KOR ligands. Reaction of the chloroacetamide 15 with 2-
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fluoroethanol and NaH4*® afforded the fluoroethyl ether 16 in 80 % yield. Nucleophilic
substitution of 15 with NaN; led to the azide 17, which underwent a 1,3-dipolar
cycloaddition (click reaction)384! with 5-fluoropent-1-yne to produce fluoropropyltriazole

18.

2.2. Pharmacological evaluation

KOR affinity

The KOR affinity of the synthesized quinoxaline derivatives and some reference
compounds was investigated in competitive radioligand binding assays using guinea pig
brain homogenates as source of KOR and [*H]U-69,593 as competitive radioligand. The

data in Table 1 summarize the KOR affinity of the test compounds.2-44

Table 1: Affinities of perhydroquinoxalines and reference compounds towards KOR and

related receptors.
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a) A value in % reflects the inhibition of the radioligand binding at a test compound
concentration of 1 pM. K; values without SEM values represent the mean of two
experiments (n = 2) and K; values with SEM values represent the mean of three
experiments (n = 3).

b) Guinea pig brain membrane preparations were used in the KOR, MOR and o1 assay.
In the DOR assay rat brain and in the o, assay rat liver membrane preparations were

used.

With exception of the 4-fluorobenzyl derivative 13g and the fluoroethoxy derivative 16 the
Ki values reflecting KOR affinity of all new test compounds are lower than 10 nM indicating
very high KOR affinity. The length of the side chain of the N-4 substituent seems not to
play a crucial role for the interaction with KOR, as the quinoxalines 13a-13d with
homologous alkyl substituents display almost the same KOR affinity. Even the
quinoxaline 11 with the large and bulky tert-butoxycarbonyl moiety shows high KOR
affinity (K; = 3.8 nM). It is postulated that the N-4-substituent is oriented towards the
entrance channel and the surface of KOR. This hypothesis is supported by the triazole
derivatives 14 and 18 showing KOR affinity of 5.6 nM and 3.3 nM, respectively.
Hydrophilic interactions of surrounding water molecules with the polar triazole rings within

the large N-4-substituents may explain the high KOR affinity of 14 and 18.

Moreover, KOR accepts both alkyl and acyl moieties at N-4. Although the basicity and the
geometry of differently substituted derivatives are quite diverse, the KOR affinity of pairs
with analogous alkyl and acyl moieties are quite similar. As an example, the KOR affinity

of 13¢c with a propyl moiety at N-4 is 1.4 nM and the KOR affinity of the methoxycarbonyl
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derivative 1 is 1.3 nM. This observation supports the hypothesis that the binding pocket
of KOR accepts substituents with different size at N-4. Furthermore, a second basic

amino group (N-4) in the ligand is also well accepted by KOR.

Since a fluorinated PET tracer for selective labeling of KORs represents a long term aim
in our group, fluorine atoms were introduced at different positions. In general, high KOR
affinity was found for quinoxalines with a F-atom at the N-4 alkyl side chain (e.g. 13e, 13f)

or at the triazole side chain (14, 118).

Interactions of 14 with KOR (docking)

To rationalize the observed KOR affinity of triazole 14, the compound was docked into
the crystal structure of KOR in its active state (PDB: 6B73%%). The obtained docking pose
of 14 (Figure 2) is consistent with previously reported docking modes of its
conformationally unrestricted analogues U50,488 and U69,593.66 Thus, protonated
tertiary amino moiety of the pyrrolidine ring of 14 forms an ionic interaction with Asp138,
whereas the O-atom of the carbonyl moiety forms an H-bond with GIn115. The pyrrolidine
ring is additionally involved in the lipophilic contacts with a number of amino acid residues
e.g. Met142, Tyr320, Trp287, and Asp138. The perhydroquinoxaline scaffold of 14 from
one side of the pocket forms hydrophobic contacts with 11290, lle294, and Trp287, and
from the other side with Tyr139. The dichlorophenyl moiety of 14 occupies a hydrophobic
site of the pocket undergoing lipophilic interactions with Leu135 and GIn115. Finally, the
triazole ring of 14 forms nonpolar interactions with Lys227 and Tyr139 pointing fluoroethyl

moiety toward the extracellular region of the receptor.
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Figure 2: Binding mode (docking pose) of compound 14 (orange stick model) in the active

state of KOR (PDB: 6B736%6). Amino acid residues are depicted as blue stick models.
Oxygen, nitrogen, sulfur, fluorine, and chlorine atoms are colored in red, blue, yellow, light

green, and green, respectively. Hydrogen bonds are depicted as dashed lines (black).

Selectivity over MOR, DOR and o receptors

In order to analyze the selectivity of the potent KOR agonists, competitive radioligand
binding studies were performed to determine MOR, DOR, ¢4 and o affinity of the ligands.
In the MOR and DOR assay, receptor preparations from rat brain and the radioligands
[BHIDAMGO and [*H]DPDPE were employed, respectively. 1 and o, receptor affinity
were recorded using guinea pig brain and rat liver membrane preparations and [3H](+)-
pentazocine and [3H]di-o-tolylguanidine as radioligands, respectively.465 At first

quinoxalines were tested at a concentration of 1 uM. The complete competition curves
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were recorded only when the binding of the radioligand was reduced by more than 50 %.
Otherwise, the inhibition of radioligand binding (in %) at a test compound concentration

of 1 uM is given in Table 1.

The quinoxaline derivatives show very low affinity towards MOR and DOR (K; > 200 nM)
resulting in high KOR:MOR and KOR:DOR selectivity. (Table 1) Extraordinarily high
selectivity was recorded for quinoxalines with particular relevance for this project, i.e.
secondary amine 12 (KOR:MOR > 1800, KOR:DOR = 380), fluoroethyl derivative 13e
(KOR:MOR > 4500, KOR:DOR > 450), fluoroethyltriazole 14 (KOR:MOR = 100,

KOR:DOR = 74) and fluoropropyltriazole 18 (KOR:MOR > 285, KOR:DOR = 130).

It has been reported that small modifications of KOR agonists led to high o receptor
affinity. For example, the change of the trans-configured prototypical KOR agonist U-
50,488, to its cis-configured analog generated a ligand with high o receptor affinity.4®
Moreover, reduction of the phenylacetamide moiety of monoacylated ethylenediamine
KOR agonists to a phenylethylamino group further increased the ¢ affinity and decreased
the KOR affinity.#® For this reason, o4 and o5 affinity of the novel KOR agonists were also
recorded. (Table 1) The data in Table 1 clearly demonstrate that the quinoxaline-based
KOR agonists do not substantially interact with 4 and o, receptors. The highest o4 and
0, affinities were found for the butyl derivative 13d (Ki(c1) = 876 nM, Ki(c2) = 1300 nM).
Nevertheless, the KOR:o4y and KOR:o, selectivity of 13d is 135 and 230, respectively.
The extraordinarily high KOR:c¢y and KOR:o; selectivity of the important quinoxalines 12,

13e, 14 and 18 of greater than 180 should be emphasized here.
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In conclusion, the newly synthesized KOR agonists show high selectivity against MOR,

DOR, o4 and o, receptors.

Functional activity

In order to further explore the pharmacological potential of quinoxaline-based KOR
agonists, the KOR affinity of the most promising ligands was investigated in a second
binding assay. In this assay, the human KOR was transiently expressed in HEK 293T
cells and [®*H]diprenorphine was used as radioligand.*” Table 2 correlates the affinity data

obtained with human and guinea pig KORs.

Table 2: Activity of selected KOR agonists correlated with KOR affinity.

Cl
Cl
ON
N,,
[N\\‘
R rac.
K; £ SEM [nM]
cAMP®) B-arrestin-2°
compd. R KORa KORD
[*H]U- [*H]diprenor ECsp + SEM E.x SEM ECs+ SEM E .t SEM
69,593 -phine [nM] %9 [nM] %9
11 CO,C(CH3); 3.8+1.2 18+1.2 8.1+0.8 94 +2 42+1.2 102+4
12 H 0.54+0.15 4809 1.2+04 1032 3.8+0.8 93+ 1
13a CH; 23+1.3 11+£1.0 34+05 102+2 17 £0.7 1012

13b CH,CH; 4217 11+£0.5 2004 103+ 2 12+ 0.6 99 +3
13¢c CH,CH,CH; 1.4+0.2 9.2+0.8 1.6+0.3 102 +1 79%0.9 108 + 4
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9 14

12 16

14 U-69,593

Diprenor
17 phine
18 salvinorin
19 A

CH,CH,CH,

CH, 6.6 + 3.1

4-F-Bn

CH,-
triazole-

81+ 21

56+0.6

CH,CH,F
C(=0)CH,0
CH,CH,F

15+ 3

0.97 £0.40
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16+1.3

42+ 2.6

46 + 2.1

7747

0.69 £ 0.08

19

6.0+0.8

32+1.8

28+0.2

10+ 0.6

0.015

102+ 3 33+1.3

97 +3 247 £+ 4.2

103 + 1 43+14

97 2 227 +£3.8

5.1

106 +5

1055

86 +3

103 +4

24 b) Human HEK 293T cells.

26 ¢ Human HTLA cells.

a) Guinea pig brain membrane preparations.

4 The Enax values refer to salvinorin A (100 %).

33 With exception of the fluorobenzyl derivative 13g, the K; values obtained at human KORs

35 (transfected HEK-293T cells) are generally 3-9-fold higher than the K; values recorded

38 with guinea pig brain preparations. This is due to the different properties of the

40 radioligands used in the binding assays. While [?H]U69,593 at 1 nM labels only the high-

42 affinity sites and thus Kopserved is the Khign, [*(H]diprenorphine at 1.5 nM could label both

high- and low-affinity sites, so Kopserved is the average of both. This is also supported by

47 the same tendencies observed in both assay systems, e.g. the tertiary amines 13a and

49 13b have K; values of 11 and 11 nM at the human KOR and K; values of 2.3 and 4.2 nM

at the guinea pig KOR.
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In order to detect potency and efficacy in KOR-mediated signaling pathways, the
functional activity of the quinoxaline-based KOR agonists was recorded in a cAMP

inhibition assay and a Tango B-arrestin-2 recruitment assay.57.68

In Table 2 the ECsp-values of the quinoxaline-based KOR agonists are displayed and
compared with the ECso-values of reference compound salvinorin A. The quinoxaline
analogs are all full agonists at KOR. The tested compounds show remarkably high
activation of the G-dependent pathway with ECsy values below 10 nM. As expected from
the low KOR affinity, the fluorobenzyl derivative 13g has rather low agonistic activity (ECso
= 32 nM). Regarding the B-arrestin-2 recruitment, most of the tested quinoxalines show

slightly lower B-arrestin-2 activation than salvinorin A.

The very high KOR activation of the secondary amine 12 with ECso-values of 1.2 nM and
4.8 nM in the cAMP and B-arrestin-2 recruitment assay, respectively, should be
emphasized. In addition to 12, the fluoroethyltriazole 14 shows also high KOR affinity and
KOR agonistic activity in the cAMP assay. The calculated clogP values for 12 (clogP =
3.70) and 14 (clogP = 3.80) are in the same ragne as the clogP value of 1b (clogP = 3.81).
As 1b did not show any central effects in vivo,33 low CNS penetration of 12 and 14 was

expected.
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Anti-inflammatory activity of the quinoxaline-based KOR agonists in vitro

Several studies revealed that B-arrestins are functionally involved in inflammation and
autoimmunity. Accordingly, mice deficient for 3-arrestin-2 showed exacerbated symptoms
of EAE, which. was mediated by decreased numbers of Foxp3* regulatory T cells, a cell
subset, which usually controls the activation and expansion of pathogenic Ty1 or Ty17
effector cells .#8 Also cAMP has been associated with EAE perpetuation. In addition to a
direct impact of the cAMP pathway on CD4* T cells by inhibiting the proliferation and
IFN-y secretion in encephalitogenic T cells, stimulation of the cAMP pathway polarized
macrophages towards an M2-like phenotype, leading to indirect inhibition of effector T
cell activation.#® Based on these observations and since we already identified
decahydroquinoxaline KOR agonists with a strong anti-inflammatory potential,®® we
intended to characterize the effect of the secondary amine 12 and the fluoroethyltriazole
derivative 14 on immune cells involved in the perpetuation of neuroinflammation and to

assess the therapeutic potential of both compounds in EAE.

Therefore, we first investigated the anti-inflammatory properties of compounds 12 and 14
on T cells and dendritic cells (DC), which were purified from peripheral blood of healthy
human donors or secondary lymphatic organs of mice. The cells were stimulated with
phorbol 12-myristate 13-acetate (PMA) in combination with ionomycin (PMA/lono) to up-
regulate the expression of typical activation markers and the secretion of pro-
inflammatory cytokines. In MS as well as in EAE naive T cells differentiate into effector
cells in the peripheral immune system by direct contact to mature DC that express co-
stimulatory receptors such as CD40, CD80 or CD86 and secrete pro-inflammatory

cytokines including IFN-y, IL-12, IL-23 or IL-6.5%-51 These effector T cells are able to cross
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the blood-brain barrier (BBB), migrate into the CNS and promote demyelination, axonal
damage and finally, the formation of inflammatory foci.?® MS and EAE have long been
considered as T cell-mediated diseases and it has been shown that particularly Ty1 and
Tu17 cells secreting INF-y and IL-17 are markedly increased in cerebrospinal fluid (CSF)

from MS patients and in CNS tissue from EAE mice.5'-54
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51 Figure 3: Fluoroethyltriazole 14 significantly reduced the expression of pro-inflammatory
53 cytokines in human and mouse immune cells via binding to KOR. (A, B) DC (A)and T

cells (B) were sorted from human peripheral blood mononuclear cells (PBMC) by
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magnetic beads and activated with PMA + ionomycin (PMA/lono) for 12 h as described.
Subsequently, cells were stimulated with compounds 12 or 14 (5 pg/mL each) for
additional 48 h. Control cells received an equal amount of PBS. Percentages of IFN-y*
cells in total DC (A) or total T cells (B) from n=3 healthy donors are shown. Cells were
gated for HLA-DR*CD11c* (A) or CD3* (B) and IFN-y staining was performed after cell
permeabilization. Data are presented as means + SEM; *, p < 0.05 vs. PBS stimulation.
(C) Immunomodulatory effects of compound 14 as assessed by the down-regulation of
pro- and the up-regulation of anti-inflammatory cytokines. Cytokine quantification in cell
culture supernatants from PBMC of healthy human donors after activation with PMA/lono
and stimulation with compounds 12 or 14. Data from n=3 donors are shown (*p < 0.05 vs.
PBS). (D) Percentages of IFN-y* cells in total bone-marrow-derived DC (bmDC) from n=5
wild-type (WT) or KOR deficient (Oprk~-) mice. Cells were gated on MHC-II*CD11c* and
IFN-y staining was performed after cell permeabilization. Data are presented as means +
SEM; *, p < 0.05 vs. PBS. (E, F) Flow cytometry of T cells from WT or Oprk~- mice after
activation with PMA/lono and stimulation with compounds 12 or 14. Representative FACS
plots (E) and statistics from n=5 mice per group (F) are shown. Cells are gated on CD3;
data are presented as means * SEM; *, p < 0.05 vs. PBS (G) Cytokine secretion in
isolated T cells from WT or Oprk= mice after activation with PMA/lono and stimulation

with compounds 12 or 14. Data from n=5 mice per group are shown; *p < 0.05 vs. PBS.

To assess the anti-inflammatory capacity of the secondary amine 12 and the

fluoroethyltriazole derivative 14, pre-activated T cells and DC were stimulated with both

compounds. As shown in Figures 3A and 3B compound 14 significantly reduced the
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expression of IFN-y in human T cells and DC as evidenced by intracellular flow cytometry
whereas compound 12 seemed to have only a minor but not significant anti-inflammatory

effect on human immune cells (Figures 3A and 3B).

Interestingly, the fluoroethyltriazole 14 might not only have anti-inflammatory properties
but also immunomodulatory capacities since besides the down-regulated IFN y levels in
cell culture supernatants from human PBMC stimulated with compound 14, we detected
a significant up-regulation of the anti-inflammatory cytokine IL-10 (Figure 3C). This
observation could possibly point to the induction of tolerogenic DC or regulatory T cells
by the fluoroethyltriazole 14. It is well known that opioid receptor agonists are able to
modulate immune cell functions. In this context endogenous opioids have been shown to
inhibit NF-xB activation in T cells, to induce IL-10 in DC or to prevent DC maturation and

thus, reduce their Ty1 priming capacity.>>-57

DC are central in the regulation of immune responses during autoimmune
neuroinflammation since they control the balance between the initiation of immune
activation via inducing effector T cells, and immune tolerance via expanding regulatory T
cells.%8 In particular IL-10 producing tolerogenic DC, which can be generated by blocking
NF-xB signaling, are critically involved in the reprogramming of immune responses during
autoimmunity.528% Hence, it might be conceivable that the fluoroethyltriazole 14, by
inducing IL-10 as well as by inhibiting NF-kB activation and the secretion of pro-
inflammatory cytokines, could have modulated the immune phenotype. This hypothesis

is strengthened by the observation that immunomodulatory properties have already been
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described for other kappa opioids. Hu et al. for instance, summarized the
immunomodulatory and neuroprotective capacities of KOR ligands in the context of

human immunodeficiency virus (HIV) infection.®

Next, we assessed whether the anti-inflammatory and immunomodulatory effects of
compound 14 were indeed mediated by binding to KOR or whether off-target effects might
be detectable. For this purpose, we purified DC and T cells from wild-type mice as well
as KOR deficient mouse mutants (Oprk=-), activated the cells with PMA/Iono, stimulated
them with the secondary amine 12 or the fluoroethyltriazole derivative 14 and quantified
cell activation as well as cytokine secretion. As expected, compound 14 significantly
down-regualted the IFN-y secretion in wild-type DC and suppressed the activation of wild-
type T cells (Fig. 3D-3F). However, the fluoroethyltriazole derivative 14 had no effect on
the cytokine secretion or expression of activation markers in PMA/lono stimulated DC or
T cells from Oprk~- mice (Figures 3D-3F) demonstrating the specificity of compound 14
for KOR. Worth mentioning, similar to human immune cells (Figure 3C) the
fluoroethyltriazole 14 showed immunomodulatory properties in wild-type cells since it
down-regulated the IFN-y levels in primary mouse T cells and simultaneously up-
regulated the IL-10 expression (Figure 3G). The immunomodulatory capacity of
compound 14 was not an off-target effect but dependent on binding to KOR because we
did not observe any impact of compound 14 on the cytokine secretion in activated T cells

from Oprk=- mice (Figure 3G).
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The fluoroethyiltriazole derivative 14 and the secondary amine 12 ameliorated EAE in
mice

To characterize the impact of the fluoroethyltriazole 14 and the secondary amine 12 on
the development and perpetuation of inflammatory neurodegeneration in vivo and to
further assess the therapeutic potential of both compounds, we immunized wild-type mice
with myelin oligodendrocyte glycoprotein (MOG) peptide and systemically treated them
with compound 12 or 14. The test compounds 12 and 14 were intraperitoneally injected.
In contrast to our in vitro observations made in primary mouse immune cells (Figures 3D-
3G), the secondary amine 12 delayed disease onset and moreover, reduced EAE severity
(Figure 4A). However, the anti-inflammatory effect of the fluoroethyltriazole derivative 14
was even more pronounced since contrary to mice treated with compound 12, animals
that received injections of compound 14 only developed partial tail paralysis (clinical score
1.5-2) and did not show any kind of hind limb paralysis (starting at clinical score 3-4). The
beneficial in vivo effects of both KOR agonists were mediated by signaling through KOR
because treatment of MOG-immunized Oprk= mice with either of the two compounds did

not modulate EAE perpetuation (Figure 4B).
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compounds 12, 14 (i.p. injection of 100 ul of a 20 uM solution once a day) or PBS starting
at day 1 after immunization. Mean clinical scores are shown and data are presented as
means + SEM; *, p < 0.05 (day 9-16 after immunization) and ***, p < 0.01 vs. PBS-treated
controls (day 9-18 after immunization). (C) Representative hematoxylin and eosin (H&E)
staining in lumbar spinal cord at disease maximum (scale bar, 1 mm). Inflammatory foci
and the infiltration of mononuclear cells are indicated by black arrows. (D, E) Flow
cytometry analyses of total CD45* leukocytes in the CNS at disease maximum.
Representative FACS plots (D) and statistics from n=5 mice per group (E) are shown.
Data are presented as means £+ SEM; *, p < 0.05 vs. PBS-treated controls; FSC, forward
scatter. (F, G) Immunofluorescence staining (F) and flow cytometry (G) of CD4*IL-17*
effector T cells (Ty17) in the CNS at disease maximum. Representative
immunofluorescence staining of lumbar spinal cord tissue using antibodies against CD4
(green) and IL-17 (red) are shown; scale bar, 20 ym; Ty17 cells are indicaed by white
arrows (F). Statistical evaluation of T417 cells in the CNS from n=5 mice per group; data
are presented as means = SEM; *, p < 0.05 vs. PBS-treated controls; cells are gated on
CD45*CD4* and IL-17 staining was performed after cell permeabilization (G). (H) Flow
cytometry of CD4*Foxp3* regulatory T cells (Treg) in the CNS at disease maximum.
Statistics of Treg numbers from n=5 mice per group are shown, cells are gated on
CD45*CD4* and Foxp3 staining was performed after cell permeabilization. Data are

presented as means + SEM; *, p < 0.05 vs. PBS treatment.

The anti-inflammatory properties of the secondary amine 12 and the fluoroethyltriazole

14 were associated with reduced inflammatory foci and immune cell infiltration into the
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CNS of mice treated with both compounds compared to controls that received PBS
(Figures 4C-4E). Particularly pathogenic Ty17 cells were hardly detectable in lumbar
spinal cord tissue from compound 12- or compound 14-treated mice in contrast to PBS-

injected controls as evidenced by immunofluorescence staining (Figures 4F and 4G).

Since in our in vitro studies we already observed the induction of IL-10 in immune cells
stimulated with compound 14 pointing to immunomodulatory properties of this
quinoxaline-based KOR agonist and its capacity to induce tolerance besides inhibiting
immune activation, we quantified the numbers of immunosuppressive regulatory T cells
in the CNS. Interestingly, flow cytometry revealed increased numbers of CD4*Foxp3*
regulatory T cells in brain and spinal cord tissue from mice treated with compounds 12
and 14 compared to PBS-treated controls (Figure 4H). Again, the anti-inflammatory and
immunomodulatory properties were mediated by signaling through KOR and clearly not
caused by off-target effects because treatment of mice deficient in KOR did not modulate
the immune cell infiltration into the CNS, the numbers of pathogenic Ty17 cells in lumbar
spinal cord or the levels of immunosuppressive regulatory T cells (Figures 4D-4H). Thus,
these data demonstrate that both quinoxaline-based KOR agonists, the fluoroethyltriazole
14 and the secondary amine 12, were able to significantly ameliorate neuroinflammation
in the mouse model of MOG-induced EAE by down-regulating the expression of pro-
inflammatory cytokines in T cells and reducing the infiltration of pathogenic effector cells
into the CNS, potentially via expanding or generating immunosuppressive Foxp3*

regulatory T cells.
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It has already been suggested that the endogenous opioid system contributes to the
pathogenesis of MS and its animal model EAE. Accordingly, Du et al. demonstrated an
increased disease severity in MOG-induced EAE in the absence of KOR and convincingly
showed alleviated symptoms in response to the activation of KOR with an agonist.?°
Pharmacological activation of KOR with the selective agonists U-50,488 and asimadoline
markedly decreased the cumulative clinical score, which was mediated by reduced
leukocyte infiltration into the spinal cord.?® However U-50,488, in contrast to the
fluoroethyltriazole derivative 14 or the secondary amine 12, did neither affect the
percentage of pathogenic Ty1 or Ty17 cells in the CNS nor did U-50,488 modulate the
cytokine secretion in these cells or show any immunomodulatoy capacity bringing the
authors to the conclusion that U-50,488 seemed to play a minor role in the immune
system.?0 Instead, in a non-immune-mediated model of demyelination, where mice were
fed with a 0.2 % cuprizone diet, the authors identified a remyelinating effect of U-50,488
since this KOR agonist was able to promote the differentiation of myelinated
oligodendrocytes from oligodendrocyte precursor cells.?2% The discrepancy in the cellular
and molecular mechanisms underlying the beneficial effects of U-50,488 and compounds
12 as well as 14 might be explained by the different chemical structures. U-50,488
penetrates the blood-brain barrier and enters the CNS very fast where it can exert direct
neuroprotective effects. The fluoroethyltriazole derivative 14 and the secondary amine 12
are considerably more polar, which results in reduced penetration of the BBB and renders
neuroprotective effects unlikely. On the other hand, quinoxalines have been shown to
modulate NF-kB signaling in immune cells, such as macrophages, or to inhibit T cell

proliferation 6263 suggesting that the different chemical structures of the KOR agonists
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might account for their different effects whereas quinoxaline-based KOR agonists are

particularly able to modulate the phenotype and function of immune cells.

3. Conclusion

The immunological processes triggering MS or its animal model EAE involve pathogenic
Tyl and Ty17 cells. These autoreactive T cells are generated in the periphery and
infiltrate into the CNS, where they are re-stimulated by antigen-presenting cells, finally
leading to local expansion and tissue damage to oligodendrocytes. Interestingly, previous
work identified the lung as a niche, where activated, myelin-reactive T cells are
stimulated, strongly proliferate and acquire migratory properties to enter the CNS and
induce paralysis. Thus, peripheral organs seem to contribute to the activation of
autoreactive T cells, their transition into a migratory state as important prerequisites to
enter their target tissues. Accordingly, modulation of T cell activation and blockade of their
migratory capacities in the periphery might be a promising concept to treat inflammatory
CNS diseases. Since it has recently been shown that KOR is expressed on pathogenic T
cells and since we were able to confirm the anti-inflammatory potential of
decahydroquinoxaline-based KOR agonists in immune cells, we intended to develop
novel KOR agonists for the treatment of neuroinflammation. Here, we demonstrated that
the newly designed KOR agonists the fluoroethyltriazole derivative 14 and the secondary
amine 12 acting predominantly in the periphery, exhibit potent anti-inflammatory and
immunomodulatory capacities in primary mouse and human immune cells. Moreover, in
MOG-induced EAE compounds 12 and 14, via signalling through KOR, were able to
almost completely protect mice from disease perpetuation. Thus, particularly the

fluoroethyltriazole derivative 14 might be a promising candidate for further clinical
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development towards a new therapeutic option for the treatment of neuroinflammatory

diseases such as MS.

4. Experimental

4.1. Chemistry, General Methods

Oxygen and moisture sensitive reactions were carried out under nitrogen, dried with silica
gel with moisture indicator (orange gel, Merck) and in dry glassware (Schlenk flask or
Schlenk tube). All solvents were of analytical grade quality. Flash chromatography (FC):
Silica gel 60, 40-63 pm (Merck); parentheses include: diameter of the column (@), length
of the stationary phase (l), fraction size (v) and eluent. NMR: NMR spectra were recorded
on Agilent DD2 400 MHz and 600 MHz spectrometers; chemical shifts (&) are reported in
parts per million (ppm) against the reference substance tetramethylsilane and calculated
using the solvent residual peak of the undeuterated solvent. HPLC method to determine
the purity of compounds: Equipment 1: Pump: L-7100, degasser: L-7614, autosampler:
L-7200, UV detector: L-7400, interface: D-7000, data transfer: D-line, data acquisition:
HSM-Software (all from LaChrom, Merck Hitachi); Equipment 2: Pump: LPG-3400SD,
degasser: DG-1210, autosampler: ACC-3000T, UV-detector: VWD-3400RS, interface:
DIONEX UltiMate 3000, data acquisition: Chromeleon 7 (Thermo Fisher Scientific);
column: LiChropher® 60 RP-select B (5 um), LiChroCART® 250-4 mm cartridge; flow rate:
1.0 mL/min; injection volume: 5.0 yL; detection at A = 210 nm; solvents: A: demineralized
water with 0.05 % (V/V) trifluoroacetic acid, B: acetonitrile with 0.05 % (V/V) trifluoroacetic
acid; gradient elution (% A): 0 - 4 min: 90 %; 4 - 29 min: gradient from 90 % to 0 %; 29 -
31 min: 0 %; 31 - 31.5min: gradient from 0 % to 90 %; 31.5 - 40 min: 90 %. The purity of

all test compounds is greater than 95 %.
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4.2. Synthetic procedures
2-(3,4-Dichlorophenyl)-1-[(4aSR,8SR,8aSR)-8-(pyrrolidin-1-yl)-3,4,4a,5,6,7,8,8a-
octahydroquinoxaline-1(2H)-yl]ethan-1-one (12)

TFA (0.4 mL, 5.1 mmol, 32 eq) was added dropwise to a solution of 11 (81 mg,
0.16 mmol, 1 eq) in CH,ClI, (3 mL). The mixture was stirred at rt for 18 h. After addition of
toluene, the solvents were removed in vacuo (azeotropic distillation). Then, NaOH (0.5 M,
10 mL) was added and the mixture was extracted with CH,Cl, (2 x 20 mL). After removal
of the solvent in vacuo, the residue was purified by flash column chromatography (9@
=3cm, h=8cm, CH,CI,/CH3;OH/NH; (25%) 94:5:1, V = 12mL, R; = 0.48
(CH.CI,/CH30H/NH;3 (25 %) 89:10:1). Yellow oil, yield 64 mg (98 %). CyoH27CloN3;O
(396,4 g/mol). '"H NMR (400 MHz, CDCl3): & [ppm] = 1.23 — 1.37 (m, 1H, 5-CH,), 1.51 —
1.73 (m, 8H, 6-CH,, 7-CH,, N(CH,CH,),), 1.81 — 2.07 (m, 1H, 5-CH,), 2.46 — 2.88 (m, 5H,
3-CH,, N(CH,CHy,),), 2.96 — 3.07 (m, 2H, 3-CH,, 8-CH), 3.09 — 3.21 (m, 1H, 2-CH,), 3.27
—3.54 (m, 2H, 2-CH,, 4a-CH), 3.62 — 3.83 (m, 2H, C(=0O)CH,-aryl), 4.36 — 4.65 (m, 1H,
8a-CH), 7.15—-7.23 (m, 1H, 6-CHarom), 7.29 — 7.42 (m, 2H, 2-CHarom, 5-CHarom)- A signal

for the 4-NH proton is not seen in the spectrum.

2-(3,4-dichlorophenyl)-1-[(4aRS,8RS,8aSR)-4-(prop-2-yn-1-yl)-8-(pyrrolidin-1-yl)-
3,4,4a,5,6,7,8,8a-octahydroquinoxalin-1(2H)-yl]lethan-1-one (13h)

Under N, atmosphere, propargyl bromide (80% wt solution in toluene, 29 uL, 0.3 mmol,
1.2 eq) was added to a suspension of 12 (100 mg, 0.25 mmol, 1 eq) and Cs,CO;
(163 mg, 0.5 mmol, 2 eq) in dry DMF (1.5 mL). The mixture was stirred at 40 °C for 6 h.

After filtration over silica gel, the solvent was removed in vacuo. Afterwards the residue
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was dissolved in CH,ClI, (20 mL) and the solution was washed with brine (3 x 20 mL).
The organic layer was dried (Na,SQ,), filtered and concentrated in vacuo. The residue
was purified by flash column chromatography (@ =2 cm, h = 15 cm, CH,Cl,/CH3;0OH/NH3
(25 %) 96:3:1, V =12 mL, R¢ = 0.66 (CH,Cl,/CH30H/NH3; (25 %) 94:5:1)). Pale yellow oil,
yield 100 mg (92 %). C23H29CI>N30 (434.4 g/mol). 'TH NMR (600 MHz, CDCl3): & (ppm) =
1.29 - 1.50 (m, 3H, 5-CH,, 6-CH, ,7-CH,), 1.52 — 1.75 (m, 5H, 6-CH,, N(CH,CH),), 1.83
—2.08 (m, 2H, 5-CH,,7-CH,), 2.19 (s, 1H, NCH,C=CH), 2.43 — 2.80 (m, 7H, N(CH,CH,),,
3-CH,, 8-CH), 3.19 — 3.60 (m, 5H, 2-CH,, CH,C=CH, 4a-CH), 3.62 — 3.84 (m, 2H,
C(=O)CH,-aryl), 4.37 — 4.64 (m, 1H, 8a-CH), 7.06 — 7.24 (m, 1H, 6-CHgrom), 7.32 — 7.41

(m1 2H= 2'CI_Iarom, 5'CHarom)-

2-(3,4-Dichlorophenyl)-1-[(4aRS,8RS,8aSR)-4-{[1-(2-fluoroethyl)-1H-1,2,3-triazol-4-
ylJmethyl}-8-(pyrrolidin-1-yl)-3,4,4a,5,6,7,8,8a-octahydroquinoxalin-1(2H)-yl]lethan-
1-one (14)

Under N, atmosphere, NaN3; (97 mg, 1.5 mmol, 7.5 eq) was added to a solution of (2-
fluoroethyl) tosylate (234 mg, 1 mmol, 5 eq) in dry DMF (7 mL). The mixture was stirred
at rt for 48 h. Afterwards, the solution was heated at 40 °C and the formed 1-azido-2-
fluoroethane was directly distilled into a solution of 13h (85 mg, 0.2 mmol, 1 eq),
CuS0O4-5H,0 (45 mg, 0.18 mmol, 0.9 eq) and sodium ascorbate (67 mg, 0.34 mmol,
1.7 eq) in DMF (3 mL) and H,O (2 mL). A constant flow of N, was used to facilitate the
transfer of 1-azido-2-fluoroethane. After 2 h, brine (20 mL) was added and the mixture
was extracted with CH,Cl, (3 x 15 mL). The combined organic layers were dried
(Na,S0,), filtered and concentrated in vacuo. The residue was purified by flash column

chromatography (@ = 2 cm, h = 15 cm, CH,CI,/CH3;0H/NH3 (25 %) 89:9:1, V = 12 mL, Rs¢
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0.40 (CH,CI,/CH30H/NH; (25 %) 94:5:1)). Colorless oil, yield 31 mg (30 %).
C25H33CIoFNGO (523.5 g/mol). 'TH NMR (600 MHz, CDCl3): 8 (ppm) = 1.30 — 1.46 (m, 2H,
7-CH,, 5-CH,), 1.55-1.75 (m, 6H, 6-CH,, N(CH,CH.),), 1.87 —2.12 (m, 1H, 7-CH,), 2.21
(td, J = 11.9/3.7 Hz, 1H, 3-CH,), 2.26 — 2.35 (m, 1H, 5-CH,), 2.39 — 2.86 (m, 6H,
N(CH,CHy,),, 8-CH, 3-CH,), 3.18 — 3.38 (m, 2H, 2-CH,), 3.46 — 3.68 (m, 3H, C(=O)CH,-
aryl, 4a-CH), 3.72 — 3.97 (m, 2H, NCH,-triazole), 4.28 — 4.59 (m, 1H, 8a-CH), 4.67 (dt, J
= 27.4/4.3 Hz, 2H, CH,CH,F), 4.80 (dt, J = 46.8/5.0 Hz, 2H, CH,CH,F), 7.00 — 7.21 (m,
1H, 6-CHarom), 7.28 — 7.36 (m, 2H, 2-CHzom, 5-CHarom), 7.48 (d, J = 1.0 Hz, 1H, 5-

CHtriazole)-

2-(3,4-Dichlorophenyl)-1-((4aRS,8RS,8aSR)-4-{2-[4-(3-fluoropropyl)-1H-1,2,3-
triazol-1-yl]acetyl}-8-(pyrrolidin-1-yl)-3,4,4a,5,6,7,8,8a-octahydroquinoxalin-1(2H)-
yl)ethan-1-one (18)

Pent-4-yn-1-yl 4-methylbenzenesulfonate (250 mg, 1.1 mmol, 5 eq) was added to a
solution of TBAF-3H,0O (827 mg, 2.6 mmol, 12.5 eq) in H,O (0.3 mL). The mixture was
stirred at 45 °C for 2 h. Afterwards, the solution was heated at 100 °C and the formed 5-
fluoropent-1-yne was directly distilled into a solution of 17 (160 mg, 0.3 mmol, 1 eq),
CuS0O45H,0 (75 mg, 0.3 mmol, 0.9 eq) and sodium ascorbate (113 mg, 0.6 mmol,
1.7 eq) in DMF (2.5 mL) and H,O (1 mL). A constant flow of N, was used to facilitate the
transfer of 5-fluoropent-1-yne. After 3 h, H,O (15 mL) was added and the mixture was
extracted with CH,CI, (3 x 10 mL). The combined organic layers were dried (Na,SO,),
fitered and concentrated in vacuo. The residue was purified by flash column
chromatography (d =2 cm, h =15 cm, CH,CIl,/CH3OH/NH3 (25 %) 97:2:1 — 89:10:1,

V =12 mL, R = 0.52 (CH,Cl,/CH;0H/NH; (25 %) 89:10:1)). Pale yellow oil, yield 31 mg
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(17 %). C27H35C1,FNO» (565.5 g/mol). 'H NMR (600 MHz, CDCl3): & (ppm) = 1.44 — 1.97
(M, 12H, 5-CH,, 6-CH,, 7-CH,, N(CH,CH,)., N(CH,CH,),), 2.00 — 2.19 (m, 2H,
CH,CH,CH,F), 2.51 — 2.74 (m, 3H, 8-CH, N(CH.CH,),), 2.87 (t, J = 7.5 Hz, 2H,
CH,CH,CH,F), 3.50 — 3.81 (m, 5H, 2-CH,, 3-CH,, C(=O)CH,-aryl), 3.86 — 4.01 (m, 2H,
3-CH,, 4a-CH), 4.50 (dt, J = 47.2/5.9 Hz,, 1H, CH,CH,CH,F), 4.47 — 4.53 (m, 1H, 8a-
CH), 5.10 — 5.26 (m, 2H, C(=0)CH,-triazole), 7.08 (dd, J = 8.3/2.1 Hz, 1H, 6-CHarom), 7.33

(d, J = 2.1 Hz, 1H, 2-CHarom), 7.40 (d, J = 8.2 Hz, 1H, 5-CHarom), 7-51 (s, 1H, 5-CHuianote).

4.3. Receptor binding studies
Materials, preparation of membrane homogenates from various tissues, protein
determination, and the generatl procedure for binding assays are detailed in the Supportin

Information.

Determination of KOR affinity (guinea pig brain)

The assay was performed with the radioligand [?H]U-69,593 (55 Ci/mmol, Amersham,
Little Chalfont, UK). The thawed guinea pig brain membrane preparation (about 100 ug
of the protein) was incubated with various concentrations of test compounds, 1 nM [?H]U-
69,593, and TRIS-MgCl,-Puffer (50 mM, 8 mM MgCl,, pH 7.4) at 37 °C. The non-specific
binding was determined with 10 uM unlabeled U-69,593. The Kg-value of U-69,593 is 0.69

nM.
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4.4. In vitro functional assays

cAMP inhibition assay

To measure KOR Gg-mediated cAMP inhibition, HEK 293T (ATCC CRL-11268) cells
were co-transfected with human KOR along with a luciferase-based cAMP biosensor
(GloSensor; Promega) and assays were performed similar to previously described.%®
After 16 h, transfected cells were plated into Poly-lysine coated 384-well white clear
bottom cell culture plates with DMEM + 1% dialyzed FBS at a density of 15,000-20,000
cells per 40 pl per well and incubated at 37 °C with 5% CO, overnight. The next day, drug
solutions were prepared in fresh drug buffer [20 mM HEPES, 1X HBSS, 0.3% bovine
serum album (BSA), pH 7.4] at 3X drug concentration. Plates were decanted and received
20 pl per well of drug buffer (20 mM HEPES, 1X HBSS) followed by addition of 10 ul of
drug solution (3 wells per condition) for 15 min in the dark at room temperature. To
stimulate endogenous cAMP via B adrenergic-Gs activation, 10 ul luciferin (4 mM final
concentration) supplemented with isoproterenol (400 nM final concentration) were added
per well. Cells were again incubated in the dark at room temperature for 15 min, and
luminescence intensity was quantified using a Wallac TriLux microbeta (Perkin Elmer)
luminescence counter. Results (relative luminescence units) were plotted as a function of
drug concentration, normalized to % SalA stimulation, and analyzed using “log(agonist)

vs. response” in GraphPad Prism 5.0.

Tango B-arrestin-2 recruitment assay
The KOR Tango constructs were designed and assays were performed as previously
described.?768 HTLA cells expressing TEV fused-B-arrestin2 (kindly provided by Dr.

Richard Axel, Columbia Univ.) were transfected with the KOR Tango construct. The next
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day, cells were plated in DMEM supplemented with 1% dialyzed FBS in poly-L-lysine
coated 384-well white clear bottom cell culture plates at a density of 10,000-15,000
cells/well in a total of 40 ul. The cells were incubated for at least 6 h before receiving drug
stimulation. Drug solutions were prepared in drug buffer (20 mM HEPES, 1X HBSS, 0.3%
BSA, pH 7.4) at 3X and added to cells (20 ul per well) for overnight incubation. Drug
solutions used for the Tango assay were exactly the same as used for the cAMP assay.
The next day, media and drug solutions were removed and 20 ul per well of BrightGlo
reagent (purchased from Promega, after 1:20 dilution) was added. The plate was
incubated for 20 min at room temperature in the dark before being counted using a
luminescence counter. Results (relative luminescence units) were plotted as a function of
drug concentration, normalized to % SalA stimulation, and analyzed using “log(agonist)

vs. response” in GraphPad Prism 5.0.

4.5. In vitro studies to assess the anti-inflammatory activity in immune cells
Immune cell isolation and stimulation

C57BL/6 mice (wild-type; purchased from Janvier Labs, Le Genest-Saint-Isle, France)
and kappa-opioid receptor deficient mouse mutants (Oprk-, purchased from The
Jackson Laboratory, Bar Harbor, ME) were used at the age of 8 to 12 weeks and housed
under specific pathogen—free conditions in microisolator cages. Mice were given chow
and water ad libitum and animal experiments were performed with the approval of the
State Review Board of North Rhine-Westphalia according to the German law for animal
welfare (reference numbers 81-02.05.50.17.015 and 84-02.05.20.11.227). After sacrifice
of mice peripheral lymph nodes, femurs and tibias were removed to isolate T cells or bone

marrow cells (see below). Single cell suspensions of mouse lymph nodes were prepared
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according to standard methods. Subsequently, total T cells were isolated from cell
suspensions using the Pan T Cell Isolation Kit Il (Miltenyi Biotech, Bergisch Gladbach,
Germany) and subjected to flow cytometry analyses or were activated for 12 h with
phorbol 12-myristate 13-acetate (PMA, 5 ng/ml) and ionomycin (500 ng/ml) and cultured
for 48 h in the presence of compound 12, compound 14 (1 ug/ml each) or PBS as a

control.

Human DC and T cells were isolated from peripheral blood mononuclear cells (PBMC).
Therefore, PBMC were purified from 20 ml of heparinized blood, obtained with the
informed consent from healthy donors by Ficoll gradient centrifugation according to
standard methods (Ficoll reagent was purchased from Merck, Darmstadt, Germany).
Total DC or T cells were negatively enriched using the Pan-DC Enrichment Kit or the Pan
T Cell Isolation Kit (Miltenyi Biotech). All experiments were carried out according to the
declaration of Helsinki and were approved by the ethical committee of the University of
Munster Medical School (2008-180-f-S). After isolation human DC and T cells were
activated for 12 h with PMA (5 ng/ml) and ionomycin (500 ng/ml) and cultured for
additional 48 h in the presence of compound 12, compound 14 (1 uyg/ml each) or PBS (as
a control) and finally subjected to flow cytometry analyses or cytokine quantifiaction (see

below).

Generation of mouse bone marrow-derived dendritic cells (bmDC)
BmDC were generated as described.?® Bone marrow was collected from tibias and femurs
of wild-type and Oprk—- mice, single cell suspensions were prepared and cultured in the

presence of 150 U/ml GM-CSF and 75 U/ml IL-4 (Biotechne, Minneapolis, MN) for 9 days.
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From day 7 to day 9 of culture, cells were stimulated with PMA (5 ng/ml) and ionomycin
(500 ng/ml) in the presence or absence of compound 12 or compound 14 (1 ug/ml each).

On day 9, bmDC were harvested and used for flow cytometry analyses.

4.6. In vivo experiments to characterize the efficacy of compounds 12 and 14
Induction of EAE

C57BL/6 mice (wild-type; purchased from Janvier Labs) and Oprk’- mutant mice
(purchased from The Jackson Laboratory) were used at the age of 8 to 12 weeks, housed
under specific pathogen—free conditions, given chow and water ad libitum, and monitored
for clinical signs daily. Animal experiments were approved by the State Review Board of
North Rhine-Westphalia (reference no. 84-02.04.2013-A139). EAE was induced by
subcutaneous injection of 200 mg of MOG peptide (MEVGWYRSPFSRVVHLYRNGK;
Charité, Berlin, Germany) emulsified in complete Freund’s adjuvant (Merck, Darmstadt,
Germany) containing 200 mg of Mycobacterium tuberculosis H37RA (Fisher Scientific,
Hampton, NH). Pertussis toxin (400 ng; Enzo Life Sciences, Lérrach, Germany) in 200 ml
of PBS was injected intraperitoneally at the day of immunization and 2 days later. Disease
severity was scored daily in a blinded fashion by two independent investigators using a
scale from 0 to 10 (experimental autoimmune neuritis score).5'.70 Compounds 12 and 14
were injected intraperitoneally starting 1 day after immunization (100 ul of a 20 uM
solution). Control mice received an equal amount of PBS (Fisher Scientific). At the peak
of disease (days 12-15 after immunization in wild-type and days 14-18 after immunization
in Oprk~- mice) part of the mice were sacrificed and analyzed by histology (see below) or
flow cytometry (see above). For flow cytometry mononuclear cells from the CNS (brain

and spinal cord) were isolated. Therefore, mice were perfused with PBS through the left
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ventricle and subsequently, tissues were homogenized through 100 pym cell strainers to
obtain single-cell suspensions, and Percoll gradient centrifugation was performed to
enrich leukocytes. For histology mouse brain and spinal cord tissues were cryopreserved

in NEG-50 (Fisher Scientific) or fixed with formalin.

Histology and immunofluorescence staining

For Hematoxylin and Eosin (H&E) staining, tissues were embedded in paraffin after
formalin fixation and cut into 3 pm sections. Following deparaffinization using standard
protocols, H&E staining was performed using an autostainer (Tissue-Tek Prisma, Sakura
Finetek, Alphen aan den Rijn, The Netherlands). Subsequently, slides were analyzed on
an Olympus BX63 microscope using cellSens software (Olympus, Munster, Germany).
For immunofluorescence staining cryopreserved mouse brain and spinal cord tissues
were cut into 3 ym sections, and immunofluorescence staining was performed using
standard methods and the appropriate dilutions of primary antibodies against CD4 (clone
RM4-5, purchased from Biolegend) and IL-17A (clone eBio17B7, purchased from Thermo
Fisher Scientific). Subsequently, slides were incubated with Alexa Fluor (AF) 594- or 488-
coupled secondary antibodies (Life Technologies, Carlsbad, CA). Isotype controls were

included in each staining.

Statistics
All values are expressed as means = SEM. Statistically significant differences were
assessed by one-way analysis of variance (ANOVA) test, comparing more than two

groups. The alpha-level was set at a value of <0.05 in most and at a value of <0.01 in
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exceptional cases (e.g. Fig. 4A). SigmaPlot 12 or GraphPad Prism 7 was used to analyze,

plot, and illustrate data.

Animal experiments
All animal experiments were performed with the approval of the State Review Board of
North Rhine-Westphalia according to the German law for animal welfare. Reference

numbers 81-02.05.50.17.015 and 84-02.05.20.11.227 and 84-02.04.2013-A139.

Supporting Information

Supporting Information contains purity data of all compounds. Moreover, parts of the
experimental part including synthetic procedures, molecular modelling and
pharmacological studies are given. The 'H and '3C NMR spectra of all synthesized
compounds are included. Molecular Formula Strings are added. This material is available

free of charge via the Internet at http://pubs.acs.org.
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Abbreviations Used

APCI atmospheric pressure chemical ionization
BBB blood brain barrier

bmDC bone marrow-derived dendritic cells

CNS central nervous system

CSF cerebrospinal fluid

DC dendritic cells

DOR 0 opioid receptor

EAE experiental autoimmune encephalomyelitis
GLAT glatiramer acetate

H&E hematoxylin and eosin

HIV human immunodeficiency virus

INF-B interferone {3

INF-y interferone y

INL-17 interleukin-17

lono ionomycin

KOR K opioid receptor
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MOR
MS
OPC
PBMC
PMA
PML
S1P
TBAF
TBDPS
Tul
Tul7

Treg

WT
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length of the stationary phase
myelin oligodendrocyte glycoprotein
M opioid receptor

multiple sclerosis

oligodendrocyte progenitor cells
peripheral blood mononuclear cells
phorbol 12-myristate 13-acetate
progressive multifocal leukoencephalopathy
sphingosine-1-phosphate
tetrabutylammonium fluoride
tert-butyldiphenylsilyl

T helper cells 1

T helper cells 17

regulatory T cells

fraction size

wild-type
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